The effect of thermal treatment and annealing under different temperatures from 100 °C to 250 °C on the photoluminescence spectroscopy of the GeSe ultrathin slab is reported. After the thermal treatment and annealing under 200 °C, we found that the photoluminescence intensity of A exciton and B exciton in GeSe ultrathin slab is increased to twice as much as that in untreated case, while is increased by ~84% in the photoluminescence intensity of C exciton. Combined by our experimental work and theoretical simulations, our study confirms the significant role of thermal treatments and annealing in reducing surface roughness and removing the Se vacancy to form more compact and smoother regions in GeSe ultrathin slab. Our findings imply that the improved quality of GeSe surface after thermal treatments is an important factor for the photoluminescence enhancement.
. Compared to other 2D materials, the direct band gap of GeSe ultra-thin slab overlaps well with the solar spectrum, which plays a key role in the light absorption layer of solar cells and other optoelectronic devices 23, [28] [29] [30] . Our recent computational work predicted that GeSe monolayer with point defects engineering can be used for gas sensor 31 . Due to active edges of GeSe nanoribbon, our first-principles simulation revealed that its electronic and magnetic properties can be tuned by P atom doping 32 . We also found that the direct band gap of AB-stacking GeSe bilayer can be tuned in a wide energy range under the applied in-plane strains along its armchair direction 33 . As a type of functional material, GeSe ultrathin slab has potential applications in the aspect of photoconductive p-n junction and field effect transistor 34 and device with giant piezoelectric effects 35 . However, the mechanism of the thermal treatments under different annealing temperature on the PL intensity of GeSe ultrathin slab is still a challenge issue. In this work, using mechanical stripping and laser thinning technology developed in our group 21 , we firstly prepared the ultrathin GeSe slab on SiO 2 /Si substrate. In order to study the effect of different annealing conditions on the PL efficiency of GeSe ultrathin slab, the samples are annealed in high vacuum and under different temperatures. It was found that after the thermal treatment and annealing under 200 °C, the PL intensity of A exciton and B exciton in GeSe ultrathin slab is increased twice of that under RT, while the PL intensity of C exciton reaches ~84% increasing. Combined by our experimental work and theoretical simulations, our study confirms the significant role of thermal treatments and annealing in reducing surface roughness and removing the Se vacancy to form more compact and smoother regions in GeSe ultrathin slab. Our findings imply that the improvement of the surface smoothness in GeSe samples is an important factor for PL enhancement after thermal treatments.
Results

AFM characterization of the laser thinned GeSe nanosheets after annealing at different temperatures.
The AFM characterization of the laser thinned GeSe nanosheets after annealing at different temperatures is indicated in Fig. 1 . In Fig. 1 (a-h), the shape and height and the average roughness of a laser thinned GeSe nanosheet are measured through the AFM scan images. The area of the AFM scan for each sample is 20 um × 20 um. The laser power density is 36.8 × 10 4 W/cm 2 . The sample is continuously irradiated for 5 minutes. Each of the seven samples was treated under inserted topographic line profiles in the AFM images show the sharpness of the steps between the thinned and pristine zones. It can be found from the data that the thickness of each sample after thinning is about 1.5 nm, which shows good uniformity. In order to confirm the effect of thermal annealing on the roughness, we measured the roughness of the thinned GeSe ultrathin slab before and after the annealing at various spots of the samples. Experimental results show that the thermal treatments and annealing have influence on the roughness of the thinned areas under different temperatures of 100 °C, 125 °C, 150 °C, 175 °C, 200 °C, 225 °C and 250 °C, respectively. When temperature is increased from 100 °C to 200 °C, it was found that the average roughness Ra of the thinned surfaces is gradually decreased. As shown in Fig. 1(f) , Ra reaches a minimum value of 1.952 nm after the thermal annealing under 200 °C. It means that the smoothness of the GeSe surface of the thinned areas is increased by thermal treatment and annealing under this temperature. When the annealing temperature is higher than 200 °C, it was found that the roughness of the sample surface is increased again.
SEM characterization of the laser thinned GeSe nanosheets after annealing at different temperatures.
In order to study the Ge/Se ratio on different spots of the samples after annealing, all samples were characterized by SEM. As shown in Fig. 2 , element ratios of Ge and Se are measured by EDS spectrum for each thinned area. The average vacancy rate of Se atom was evaluated by analyzing the proportion of element ratios of Ge and Se in multiple thinned areas. The results show that the Se vacancies are existed in the original thinning area. When the annealing temperature is increased to 150 °C, the ratio of Se vacancies reaches smallest value. Continually increasing the annealing temperature over 150 °C leads to more Se vacancies without the presence of the Se source. The existing of Se vacancies should be responsible for the variation in roughness along with the thermal treatment under different temperatures. However, the segregation and moving of Ge atoms under thermal treatments may also have influence on the roughness of GeSe surface. For this reason, there is a deviation in temperatures between the lowest roughness achieved in 200 °C and the lowest concentration of Se vacancies achieved in 150 °C.
Annealing and natural cooling temperature dependent PL spectra of GeSe ultrathin slab. After the characterization of the ultrathin GeSe sample, we have investigated the annealing temperature dependence of the intensity of PL spectra for A exciton, B exciton and C exciton peaks, respectively. As shown in Fig. 3 (a), three peaks centered at 589 nm, 655 nm, and 737 nm are obviously observed. Due to a direct transition at the K point, three positions of peaks are consistent with our previous report 22 . Intensities of these three peaks shows a downward tendency along with the increasing of wavelength. When the treating temperature is increased from 100 °C to 250 °C, the heat annealing significantly changes the intensity of PL spectra. In contrast, the principal PL peak without the treatment of GeSe ultrathin slab (black color) and the spectra of substrate (dotted line) are shown in Fig. 3 (a). After annealing under 100 °C, it is found that there is an increasing of 26% both in A exciton peak intensity (I A ) and B exciton peak intensity (I B ), respectively, when compared with the case without the treatment of annealing. For C exciton peak intensity (I C ), the increasing of exciton peak intensity is 21%. Further increasing the annealing temperature leads to more enhancement of exciton peak intensity. For example, if annealing under 150 °C, it results an increasing of ~64% in I A and I B , while an increasing of ~38% in I C . Under 200 °C, all of the peaks of A exciton, B exciton and C exciton show maximum intensities. As indicated in Fig. 3(b) , I A and I B exhibit an increasing more than twice and I C increasing of ~84%, respectively. When the temperature is higher than 200 °C, the intensity of the spectrum is no longer continue to be increased. Similarly, our previous work about the thermal treatments of MoS 2 thin film under temperatures from 100 °C to 600 °C obtained a maximum value of double PL peak intensity under 200 °C 20 . After 200 °C, it was found that the exciton peak intensity in MoS 2 sample is decreased linearly. In current study, as shown in Fig. 3(a) , the positions of three exciton peaks have no deviation with the variation of temperatures. It implies that the energy gap of GeSe ultrathin slab samples has not been changed. However, from RT to 200 °C, thermal annealing may eliminate interface defects and residual impurities. It leads to a smoother surface of GeSe sample. As the treatment temperature was increased to 250 °C, Surface roughness of GeSe monolayer from first-principles molecular dynamics. We reported before that the ascension of crystal quality in MoS 2 can promote the movement of the carrier and direct conversion of quantum efficiency 20 . In quantum wells, it was found that interface roughness over a wide continuous range of well thicknesses has influence on the PL spectroscopy 36 . In this kind of quantum wells, it was reported that the interface roughness with different length scales is responsible for the luminescence features 37 . In theorem, molecular dynamics (MD) 38 based on density-functional theory (DFT) is an efficient way to study the structural phase transition and material properties of few-layer to monolayer monochalcogenides 39 . In order to investigate the structural roughness of GeSe ultrathin slab under various temperatures, we performed the MD simulations based on DFT. As shown in Fig. 4 , MD simulations are used to reveal the correlation between the thermal treatments under different annealing temperatures and the roughness of GeSe monolayer. To quantify the smothness of the surface of GeSe samples, we adopt the following definition of surface roughness in theorem:
where Z i and Z ave represent the exact height and the average height of atoms in the GeSe monolayer, respectively. N represents the number of atoms. In Fig. 4 , we presented the surface roughness of GeSe monolayer under different annealing tempertures, i.e., 100 °C, 150 °C, 200 °C, 250 °C and 300 °C, respectively. As indicated in Fig. 4 , our simulations indicate that the thermal treatments under different annealing temperatures have great effect on the surface roughness. It's obvious that the surface roughness of the GeSe monolayer is varied along with the temperatures. Our MD simulations predicte that the roughness has a minimum value under 200 °C. It means that under the temperature of 200 °C, the surface of GeSe samples reaches a very smooth level when compared to the cases under other annealing temperatures. Our simulations illustrated that the variation of surface roughness is related to the annealing temperatures. Until now there is no direct evidence that the annealing temperature has influence on the fluorescence quantum efficiency, whereas the theoritical results proved that the surface roughness is affected by thermal treatments. Our MD results about the roughness of GeSe monolayer imply that the change of roughness in GeSe surface is an important factor for PL enhancement after thermal treatments. The surface roughness obtained from AFM expriments and the consistent simulated results on GeSe monolayer illustrate a main character in the aspect of the quality of the GeSe ultrathin slab samples after thermal treatments and annealing. Our simulations reveal that thermal treatment under 200 °C can increase the smoothness of the surface of ultrathin GeSe slab, which is helpful to increase the fluorescence quantum efficiency in GeSe sample. In another aspect, the samples can produce vacancies with the residual oxygen when they were annealed in vacuum. After that, the vacancies can be combined with charged exciton or free electrons forming a neutral exciton localization. The localization of neutral exciton is very stable and there will be no nonradiative recombination [40] [41] [42] , which conduct to the significant enhancement in the spectral intensity of our prepared ultrathin GeSe slab sample.
The data of roughness and the rate of Se vacancies obtained from experimental samples. Due
to the coexistence of fewlayers and monolayer in prepared GeSe ultrathin slab, the roughness obtained from AFM experiments is an average value. In Fig. 5(a) , we replotted the roughness obtained directly from AFM experiments. It clearly shows that the variation of surface roughness in GeSe ultrathin slab samples is related to the annealing temperatures. The lowest roughness obtained from experiment is under the typical annealing temperature of 200 °C, which is the same temperature corresponding to the highest PL intensity. This is a direct evidence that the thermal treatment and annealing has influence on the surface roughness. In Fig. 5(b) , we show the rate of Se vacancies obtained from SEM experiments under different annealing temperatures. The definition of Se vacancies rate R Se here can be found in Methods part. It implies that thermal treatment has influence on the rate of Se vacancies. There is a similar trend in the curve with that in the plot of roughness in GeSe samples shown in Fig. 5(a) . However, the smallest rate of Se vacancies is appeared under 150 °C. It implies that except the contribution from Se vacancies, other influence on roughness such as the segregations of Ge atoms under thermal treatment is existed. Under thermal treatment and annealing, the Se vacancies can be combined with charged exciton or free electrons forming a neutral exciton localization. As a result, a cage-like structure around the Se vacancy is formed in the configuration after annealing under 200 °C. This cage-like structure around the Se vacancy is preferred in energy to form a compact configuration after annealing. Our simulation implies that the segregation and moving of Ge atom to the site of Se vacancy is helpful to decrease the surface roughness. In other words, it improves the smoothness of GeSe surface.
Local morphologies of Se vacancy in
Discussion
In the literature, it was reported before that thermal treatment and annealing is an effective way to enhance the mobility and ON/OFF ratio in single-layer MoS 2 device 43 . In thin quantum wells, previous study 37 revealed that PL spectra and their temperature dependences can be interpreted in terms of excition localization due to interface roughness with different length scales. In MoSe 2 monolayer, recent study reported that thermal treatment and annealing significantly improves sample quality by removing certain contaminants and dopants from the surface, resulting the enhancement of PL peak intensity 44 . In another aspect, we noticed that for ultrathin GeSe samples without thermal treatments, as shown in Fig. S4 , the SEM images show very rough surface morphologies under room temperature. However, after the samples are annealed at different temperatures, the increased smoothness of the ultrathin GeSe surface is helpful to the PL enhancement. We note that the ultrathin GeSe slab will be volatilized under the temperature about 280 °C. It implies that the surface conditions are crucial factors for PL enhancement.
Thus it is interesting to note that this difference occurs despite the fact that ultrathin GeSe preparation conditions are identical, the only difference on the PL intensity between the samples is the difference in annealing temperatures. The surface smoothness of the few-layers slab plays an important role in PL spectrum of the samples. Our obtained roughness from AFM experiment is a reflection on surface morphologies after thermal treatments and annealing under different temperatures. The ratio of Se vacancies obtained from SEM is also a factor to validate the changes of the surface morphology. Our study shows that under 200 °C the photoluminescence intensity of A exciton and B exciton in GeSe ultrathin slab is increased to twice as much as that in untreated case, while is increased by ~84% in the photoluminescence intensity of C exciton. It implies that heat treatment is an effective way to tune the fluorescence quantum efficiency in GeSe ultrathin slab samples.
Methods
Sample preparation and analysis. By using micromechanical exfoliation and laser thinning method 21 , as shown in Fig. S1 in supplementary material, we firstly prepared the ultrathin GeSe samples on SiO 2 /Si substrate. Then, we put the prepared samples into the tube furnace and then pumped it into a vacuum. The molecular pump is kept in vacuum when the pressure in the tube reaches ∼10 Pa. In order to ensure that the samples of studied GeSe ultrathin slab are not affected during the annealing process, the annealing environment is maintained in vacuum state (∼10 −4 Pa). We consider different annealing temperature of 100 °C, 125 °C, 150 °C, 175 °C, 200 °C, 225 °C, 250 °C, respectively. Then, the samples are cooled naturally to RT. We found that the area without laser thinning will become more transparent when we processed the sample under 300 °C. After annealing on this temperature, it's difficult to locate the exact location of the sample. However, we still measured the apparent spectra of the sample through positioning. As a result, we can figure out the samples that just have been thinned and are not disappear. MD simulations. For pristine GeSe monolayer, MD 38 simulations were performed on a (N, V, T) ensemble on a periodic 3 × 3 supercell of GeSe containing N = 36 atoms (18 Ge atoms and 18 Se atoms, respectively). The simulations of MD are within the framework of density functional theory (DFT) 45 . Projector-augmented-wave (PAW) potentials 46 are used to simulate the ionic motion, while the generalized gradient approximation (GGA) of the PBE 47 function is used as the exchange and correlation functional. The separated vacuum space of 20 Å above 2D sheet is used to eliminate the interactions between the neighbor supercells. We use a plane cutoff of 440 eV and a k-point mesh of 1 × 1 × 1 for sampling the Brillouin zone during the MD calculations. MD were performed and annealing at the finite temperature T = 100 °C, 150 °C, 200 °C, 250 °C and 300 °C, respectively. All the calculated configurations of GeSe monolayer were converged to equilibrate condition under considered temperatures after 3000 MD time steps. Each MD step corresponds to 1 fs. As shown in Fig. S2 in supplementary material, the total energy has a good convergence in our simulations along with the running time. The simulations for vacancy configurations were performed in an enlarged 4 × 4 supercell, in which a Se atom was removed from initio constructed structures. MD simulations were used to achieve the relaxed configurations after annealing at the temperatures corresponding to PL experiments (i.e. 100 °C, 150 °C, 200 °C, 250 °C, respectively).
S e vacancies rate. In SEM experiment, we adopt the following definition of Se vacancies rate R se :
